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Abstract

:

Population growth and the way resources are being exploited are directly affecting the environment. The natural fiber market, for example, is worth billions of dollars and a huge amount of the fibers becomes waste. This considerable amount of waste motivates the study of the fibers as a reinforcement in polymeric matrix, which benefits both the environmental sustainability and technical-commercial development of new materials with good properties and reduced cost. In this study, jute fiber-reinforced composites previously manufactured from an industrial waste (W), polypropylene, compatibilizer, and nano-calcium carbonate (N), were exposed to natural and accelerated aging. The composites were tested by infrared spectroscopy, contact angle (CA) measurement, and tensile test. Infrared analysis showed greater oxidative degradation after accelerated aging. All CA values continued above 90° after natural aging. Among all compositions, the ones with the presence of N had the highest CA values, showing that N acted as a waterproofing agent. After accelerated aging, a significant decrease in all CA values was observed. The composites did not show significant variation in the elastic modulus after either aging. Deformation at break decreased significantly for compositions with no jute fiber in both aging programs. No remarkable reduction was observed in the compositions with jute fibers.
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1. Introduction


Natural fibers have a huge market that moves billions of dollars every year [1]. Despite several studies having been conducted on the reuse of natural fibers waste [2,3,4], there is still a long way to go, especially when it comes to specific companies’ issues. The maintenance of industrial sustainability is extremely dependent on the correct application of these natural resources. Therefore, this paper addresses the reuse of a jute-fiber and polypropylene waste of a carpet manufacturer located in São Carlos, Brazil, whose processes generate textile residues that are currently landfilled.



Natural fiber-reinforced composites are becoming an important area of development for transport, marine, and construction industries [5]. The possible applications for these composite materials include window and doorframes, furniture, railroad sleepers, automotive panels, gardening items, packaging, etc. In general, applications do not require very high mechanical resistance, but instead, reduce the purchasing and maintenance costs [6]. When compared to synthetic fibers, such as glass fiber, their most important advantages are lower density, sound absorption, and vibration damping [7,8]. They also reduce the wear of screws and barrels of processing equipment compared to commonly used glass fibers [9]. Despite the attractive attributes, they have some drawbacks, such as high moisture uptake, lower mechanical properties compared to synthetic fibers, and low compatibility with nonpolar polymer matrices due to their polar nature [5,8,10].



Plant fibers can be classified based on the source and their physiological properties. Jute fibers are obtained from the stem and are called bast fibers (such as flax, hemp, and kenaf). They can also be divided into primary (grown for the fiber) and secondary (byproduct of plants) utility. Jute fibers are primary utility plant fibers [11]. Nevertheless, the jute fiber used in this study is part of a mixed industrial waste composed of jute and polypropylene; therefore, it should not be treated separately or considered a virgin material.



The use of mineral fillers has been a common practice in the plastics industry to improve mechanical properties and for cost reduction. In the case of micrometric particulates, high filler content (higher than 20% by volume) is required, while nanometre-sized particles show an increase in mechanical performance at much lower concentrations [12]. In addition, in this study, nano-calcium carbonateis also added to slow the entry of moisture, decreasing the surface wettability of the composite material. When some mineral particle is used as an additive, the pathways for moisture ingress are closed, contributing to a better waterproofing resistance [13].



The mechanical behavior of a thermoplastic composite is closely related to its phase interactions. Good matrix-fiber interfacial adhesion is essential for mechanical stress transfer from the matrix to the reinforcement, consequently improving the mechanical properties of the composites [14]. Interaction and compatibility between the natural polar and hydrophilic jute fiber and the non-polar and hydrophobic polymeric matrix can be improved by adding a compatibilizing agent. Polar maleic anhydride grafted polymers are common compatibilizing agents.



Material selection in the manufacturing of sustainable products plays a vital role in engineering design, and polymer composites are one of such materials which provide ease of processing, productivity, and cost reduction [15]. Considering that the industrial waste is composed of biodegradable natural jute fiber and non-biodegradable plastics—i.e., it has a mixed nature—previous research focused on the development of a durable composite material, with desired high-performance properties. For this purpose, researchers have used nano-calcium carbonate as a mineral filler, in addition to the natural jute fiber reinforcement, and a compatibilizer for improving fiber-matrix interactions [16]. Afterward, another study concentrated on investigating strategies for getting this durable composite material into the market [17]—street furniture was among the highest-rated for the application of the developed material. Therefore, it would be of great interest to carry out degradation tests on these materials to know their behavior under weathering. In this paper, previously manufactured composites composed of polypropylene, a compatibilizer, nano-calcium carbonate, and reinforced with jute fibers from industrial waste, were exposed to natural and accelerated aging. Degradation was assessed by visual analysis and infrared spectroscopy. The specimens were also tested by tensile and contact angle measurement to assess the mechanical properties and wettability of the composites before and after both aging programs.




2. Materials and Methods


Polikem Company provided recycled homopolymer polypropylene (PP) of 45 g 10 min−1 melt flow index at 230 °C and 2.16 kg, in accordance with ASTM D1238. WINNOFIL®SPT nano-calcium carbonate (N) of 50–100 ηm particle size was supplied by Imerys Company. The surface of N was treated with stearic acid for decreasing particle-particle interaction and increasing matrix adhesion. DuPont Company donated the compatibilizer (C) Fusabond® M603, based on random ethylene copolymers and maleic anhydride. Tapetes São Carlos carpet company, Brazil, provided the industrial waste (W). W is a refuse of internal automotive components composed of approximately 40 wt.% jute fibers and 60 wt.% polypropylene (less than 1 wt.% of polyester impurities), i.e., it has a mixed nature.



2.1. Thermogravimetric Analysis of Industrial Waste


Thermogravimetric analysis (TGA) of industrial waste (W) was conducted on model Pyris 1 TGA Perkin Elmer. The measurement was taken from 30 °C to 700 °C at 20 °C min−1 heating rate, under 20 mL min−1 N2 gas flow.




2.2. Manufacture of Composites


The dry components were mixed in a B&P Process Equipment and Systems co-rotational twin-screw extruder (MT19TC) of 19 mm screw diameter (D) and 25 L (length)/D. Aiming at a better dispersion of N particles in the matrix, a masterbatch (M) of 30 wt.% N and 70 wt.% PP was initially prepared. Table 1 shows the composition of all processed samples. The composites were injection-molded in a model Allrounder 270 400–100 Arburg machine. The dimension of the specimens followed Type I geometry, according to ASTM D638. All extruded pellets and injection-molded samples were dried at 40 °C under vacuum for 24 h before tests [16].




2.3. Natural Aging


The natural aging was performed following D1435 by exposing the specimens to the natural weathering for 168 days (24 weeks), resulting in 4032 h of exposure. The test was conducted from May to November 2019 in a weather station of University of São Paulo, São Carlos, Brazil (21°59′54.2″ S 47°55′39.7″ W). The specimens were placed at 45° to the horizontal and the backside to the north, in an in-house-made apparatus (easel) [18].




2.4. Accelerated Aging


The accelerated aging was performed following ASTM G151in special equipment with UV-A Philips lamps model Cleo performance 80 WR, and 315 to 400 nm emission range. The aging program consisted of cycles of 22 h irradiation per day and 24 h of moisture and heat exposure. The specimens were exposed to UV-A light 22 h per day, at 50 °C, for 30 days, resulting in 660 h of UV-A exposure and 720 h of heat and moisture exposure [16].




2.5. Infrared Spectroscopy


Infrared spectra of the samples before and after natural and accelerated aging were recorded by PerkinElmer Spectrum 1000 equipment and attenuated total reflection method in the 4000–550 cm−1 range. The samples were directly placed onto the ZnSe ATR cell and sixteen scans were averaged at ± 4 cm−1 resolution.




2.6. Contact Angle Measurements


Contact angle (CA) measurements were performed on CAM 101 equipment and CAM 2008 software version 4.04, both commercialized by KSV Instruments. A 1 cm3 syringe deposited water droplets on the specimen surface, and 40 images of each droplet were recorded every 16 ms. The mean contact angle was calculated for at least 2 drops on each sample.




2.7. Tensile Tests


Tensile tests were conducted in specimens according to ASTM D638-10 by model 5969 Instron Universal Test equipment and Bluehill Data Processing Software equipped with a 5kN load cell, at 5 mm min−1 crosshead speed up to 20% deformation, and 100 mm min−1 until rupture. Two different speeds were used to fracture the specimens within the time limit established by the standard (from 30 s to 5 min).





3. Results and Discussion


3.1. Thermal Stability of Industrial Waste


Thermogravimetric analysis (TGA) was carried out to evaluate the thermal stability of the industrial waste (W = composed of jute fiber and PP) [12]. Figure 1 shows both TG and DTG curves. The first mass loss (30 to 100 °C) is due to the evaporation of residual water. Second and third mass losses refer mainly to hemicellulose (starting point: 250 °C; maximum decomposition: 318 °C) and cellulose (starting point: 343 °C; maximum decomposition: 392 °C) thermal decomposition, respectively. The fourth is due to the decomposition of polypropylene and polyester impurities (starting point: 422 °C; maximum decomposition: 497 °C). The last mass loss stage, which extends up to 700 °C, i.e., maximum analysis temperature, is associated with lignin. This structural component shows the highest thermal stability among the natural fiber components [19]. The composition, even the thermal decomposition, of natural fibers varies depending on several factors, including species, age and the environment. Yao et al. [20] analyzed the thermal decomposition processes of natural fibers commonly used in the polymer composite industry by TGA and observed jute fibers show onset decomposition temperature of 205.1 °C and maximum decomposition rate of 283.1 °C. The W is thermally stable under used processing conditions.




3.2. Visual Non-Destructive Test


Figure 2 displays an image of the PPMCW sample before (0 days), and after natural (168 days) and accelerated (30 days) aging. The first analysis was based on the visual aspect of the samples before and after the two aging programs. As expected, samples exposed to weathering showed surface damage characterized by higher opacity, rougher surface, and the presence of whitish regions after aging. Although the three damage effects have shown up on both aging programs, all of them were more severe on accelerated aging.




3.3. Infrared Spectroscopy


Infrared analysis was performed on samples before and after exposure to natural and accelerated aging to investigate the presence of functional groups related to material oxidative degradation. Figure 3 shows the infrared spectra of PPMCW sample before and after the aging programs. The major absorption band analyzed for the current study appears at about 1715 cm−1 after UV irradiation assigned to the stretching vibrations of carbonyl group (C=O). Another band at 3400 cm−1 corresponds to the stretching vibrations of hydroxyl group (O–H) [21]. According to the tested conditions, the relative intensities of the carbonyl and hydroxyl bands are greater after accelerated aging exposure in comparison to natural aging, suggesting the material suffers more degradation after accelerated aging. Similar behavior was observed for the other studied samples.




3.4. Wettability


Figure 4 displays contact angle (CA) measurements performed in all compositions before (0 days) and after natural (168 days) and accelerated (30 days) aging. Before exposure, all samples showed CA values above 90°, indicating hydrophobicity (poor wetting) [22], a highly relevant result from a commercial point of view. After natural aging (168 days), the CA values continued above 90°, however all of them showed a slight rise in comparison to non-degraded samples (0 days). This was an unexpected result, since degradation on the specimens’ surface, caused by weathering, makes it porous, thus favoring hydrophilicity. This result may be associated with an experimental error since the measurements were performed at different times. Nevertheless, this result is very significant since even after 168 days of outdoor exposure, the composites maintained their hydrophobicity at a certain level. Among all compositions, the ones with the presence of N (PPM, PPMW, and PPMCW samples) had the highest CA values, showing that N acted as a waterproofing agent, as expected.



After accelerated aging (30 days), a significant decrease in all CA values was observed, demonstrating that the accelerated aging program exposed the materials to much more severe conditions when compared to the natural aging exposure.




3.5. Tensile Properties


Tensile tests were performed in all six samples before and after natural and accelerated aging for comparative results. Figure 5a shows yield stress (σ), Figure 5b shows elastic modulus (E), and Figure 5c shows deformation at break (ε), of the samples before (0 days), after natural (168 days), and accelerated (30 days) aging. Results for yield stress before aging show no significant variation for the samples, and the reinforcements did not increase the yield point, probably due to the low adhesion between the natural fiber and the matrix—once it has reached the yield stress limit of the matrix, it started the plastic deformation of the composites. The presence of jute fibers led to a 135% improvement in the elastic modulus and decreased the deformation at break from 435% to 5%. The presence of nano-calcium carbonate (N) increased elastic modulus by 18% and decreased deformation at break from 435% to 61% [16].



According to Figure 5a, results of yield stress after natural aging (168 days) indicated a certain decrease for all samples, while after accelerated aging (30 days) it showed a slight decrease only in the compositions with no jute fiber (PP and PPM samples). The samples did not show significant variation in the elastic modulus after either aging, Figure 5b. The deformation at break decreased significantly for compositions with no jute fiber in both natural and accelerated aging programs, as expected. However, no remarkable reduction was observed in the compositions with jute fibers, as shown in Figure 5c. These are promising results since it is not desirable to have any decrease in mechanical properties when exposing a product to weathering.



Complementary scanning electron microscopy (SEM) performed on samples before aging (0 days) was recently published [16]. The SEM micrograph of criofractured surfaces has shown some fiber pull-out voids even in samples with the presence of compatibilizer, corroborating the mechanical test results.





4. Conclusions


The visual, infrared and contact angle analyses showed that damage effects and degradation were more severe on samples after accelerated aging than the natural one, according to the tested conditions. The use of nano-calcium carbonate not only decreased wettability, but also improved the mechanical properties. Despite results of yield stress showing a certain decrease after both aging, the samples did not show significant variation in the elastic modulus. The variation in deformation at break after both aging programs had significant decrease only for compositions with no jute fiber, that is, compositions with jute fibers did not show remarkable reduction in their ability to deform plastically before breaking. Probably due to the use of low concentration of compatibilizer, the adhesion between matrix and fiber was not effective, as shown by tensile tests results. Nevertheless, the mechanical and waterproof properties have considerably increased (PPMW showed the best average results among compositions with waste). This result is economically positive, since the compatibilizer is the most expensive component. Regardless of expected decrease in the mechanical and waterproof properties after aging, the average results are very favorable, especially in the construction and infrastructure markets, regarding outdoor applications and products exposed to low mechanical loads.
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Figure 1. TGA curves of industrial waste (W). Reprinting with permission from ref. [16]. Copyright 2021 Elsevier. 
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Figure 2. Visual non-destructive test of PPMCW sample (a) before, (b) after natural, and (c) accelerated aging. 
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Figure 3. Infrared spectra of PPMCW sample before (0 days), after natural (168 days), and accelerated (30 days) aging (a) in the domain 1900–1550 cm−1 and (b) in the domain 4000–3000 cm−1. 
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Figure 4. Water contact angle (CA) values of samples before (0 days), after natural (168 days), and accelerated (30 days) aging. 
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Figure 5. (a) Yield stress (σ), (b) elastic modulus (E), and (c) deformation at break (ε) of samples before (0 days), after natural (168 days), and accelerated (30 days) aging. 
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Table 1. Samples composition. PP: polypropylene; W: industrial waste; M: masterbatch; N: nano-calcium carbonate; C: compatibilizer.
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	Sample
	PP (wt.%)
	W (wt.%)
	N (wt.%)
	C (wt.%)





	PP
	100
	-
	-
	-



	PPM
	90
	-
	10
	-



	PPW
	50
	50
	-
	-



	PPCW
	49
	50
	-
	1



	PPMW
	40
	50
	10
	-



	PPMCW
	39
	50
	10
	1
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